A series of ammonium-based ionic liquids and their phosphonium analogues have been investigated using X-ray Photoelectron Spectroscopy (XPS). A robust C 1s peak fitting model has been developed and described for the tetraalkylphosphonium and tetraalkylammonium families of ionic liquid, with comparisons made between the two series. Cation-anion interactions have been investigated to determine the impact of changing the cationic core from nitrogen to phosphorus upon the electronic environment of the anion.
Introduction
Ionic liquids (ILs) -low temperature molten salts -have received significant interest in recent years due in part to their structural diversity. 1 By simply changing the ions, physicochemical properties such as density, viscosity, melting point and polarity etc. can be tuned for specific functions. Tuning an ionic liquid to suit a specific application has attracted much interest, with this concept being taken even further by utilising mixtures of ionic liquids. 2, 3 By considering binary and ternary mixtures of ionic liquids the scope for potential applications considerably broadens with some examples already shown in lithium ion batteries, 4 CO 2 absorption, 5 gas chromatography stationary phases, 6 and heavy metal extraction 7 to name but a few. The ability to predict and fine-tune the properties of an ionic liquid to meet a specific requirement is one of the greatest challenges in the field, and yet if fully achieved would provide an invaluable tool. To predict the behaviour for any given ionic liquid it must first be understood on a molecular level, where changes to the chemical architecture and its effect upon cation-anion interactions must be explored both theoretically and experimentally.
Over the past ten years X-ray photoelectron spectroscopy (XPS) has established itself as a robust technique to characterise ionic liquid-based systems. 8 To date the majority of investigations using this technique have focused upon nitrogen-based cations, particularly dialkylimidazolium systems. 8, 9 XPS can be used to identify different electronic environments present for each element, as well as the determination of chemical composition and purity. So far, XPS of IL-systems has provided a wealth of information in areas such as bulk and surface composition, 10, 11 in situ reaction monitoring, 12 and cation-anion interactions. 13 Cation-anion interactions, in particular, have only so far been investigated for imidazolium and pyrrolidinium cations, where the effect of the anion upon the electronic environment of the cation has been explored. 13, 14 Correlations of these results to NMR spectroscopy, theoretical calculations and Kamlet-Taft parameters have also been achieved. 13 Furthermore, XPS has also been used to monitor the electronic environment of the constituent atoms for a binary IL mixture where the mole fraction of the anionic constituents are systematically varied, thus highlighting how changes in the anionic composition of IL mixtures can be used to tune the electronic environment of their constituents. 15 A particularly interesting sub-set of ionic liquids are those based upon a tetraalkylphosphonium cation; research into these compounds has often been neglected in favour of their nitrogen-based counterparts with particular emphasis on the imidazolium and pyrrolidinium cations. 16 This is likely due to the high cost and air-sensitive nature of the trialkylphosphine starting materials; nevertheless, it has been observed that tetraalkylphosphonium-based ionic liquids can offer superior physico-chemical properties in comparison to their nitrogenbased relatives. [16] [17] [18] Furthermore, there are only a few systematic studies that directly investigate the effect of changing the central cationic heteroatom from nitrogen to phosphorus, i.e. tetraalkylammonium versus tetraalkylphosphonium. [19] [20] [21] [22] [23] It has been observed that changing the cationic centre from nitrogen to phosphorus has a marked effect upon the physico-chemical properties of ILs; 23 however, little is known about fundamental cationanion interactions of such systems. The work described herein utilises XPS to probe these interactions for ILs in which the cation is varied (tetraalkylammonium versus tetraalkylphosphonium) for the same anion to examine the influence of the cationic heteroatom upon the electronic environment of the anion, with an aim to determine if a degree of tunability can be achieved via the cation.
The most important output from XPS analysis are binding energies; these provide both elemental and chemical information. Small changes in the electronic environment of an element by, for example, a change in chemical bonding or oxidation state will cause a shift in the measured binding energy much like the chemical shift in NMR spectroscopy. This allows both chemical structure and inter-ion interactions to be probed on a molecular level providing vital information on the impact of structural changes upon electronic environment and communication between ions. Accordingly, it is of great importance to obtain reliable and reproducible binding energies and a number of factors must be considered. Firstly, the possibility of surface charging must be taken into account. Ionic liquids in the solid state are poor conductors and charge neutralisation must be applied. Ionic liquids in their liquid state, however, are moderately conducting and can dissipate excess charge on the sample surface, thus charge neutralisation is not necessary. Despite this, it has been observed for imidazolium ionic liquids that surface charging can occur over time especially for viscous samples, causing subtle yet measurable shifts in binding energy. 24 Secondly, charge correction must be applied using a suitable internal reference post data collection to ensure binding energies obtained are accurate and allow for reliable comparison between samples, a thorough description of charge correction methods for IL systems has recently been reported. 24 Finally, development of fitting models to describe and deconstruct the electronic environment for each element is particularly important. This is especially relevant to carbon, which has been described as the most important core level for XPS of ILs. 8 Due to the variety and complexity in structure of ILs, C 1s fitting models must be developed on a case-by-case basis, with the aim of developing a fitting model that deconstructs these electronic environments into the minimum number of components possible. 8, 14 In this work we report an investigation into the XP spectra for seven tetraalkylphosphonium-based ionic liquids with comparison to their tetraalkylammonium analogues, see Table 1 . The high purity of each sample is confirmed with a description of binding energies and multi-component fitting models. Furthermore, a robust C 1s peak fitting model has been developed and described for both the tetraalkylphosphonium and tetraalkylammonium families of ionic liquid. Cation-anion interactions have been probed by investigating: (1) the effect of varying the anion upon the cation for both families of ionic liquid; (2) the effect of varying the cationic core from phosphorus to nitrogen for a variety of different anions. Comparisons are also made between small and long alkyl chain systems.
Experimental

Materials
All compounds investigated herein were prepared in our laboratory using modified literature procedures. 25 A full description of each chemical synthesis is provided within the ESI. † Chemical precursors were obtained from commercial suppliers and used without further purification unless otherwise stated. Trihexyl(tetradecyl)phosphonium chloride (Cyphos IL 101) and tributyl(methyl)phosphonium methyl sulfate (Cyphos IL 108) were obtained from Cytec Industries Inc. The structures of the compounds investigated in this study are shown in Table 1 . All compounds were dried in vacuo (p r 10 À2 mbar) at 50 1C and stored under argon before being fully characterised by 1 H, 13 C, 31 P and 19 F NMR (recorded at room temperature on a Bruker DPX-400 MHz spectrometer); IR (Perkin Elmer 1600 FT spectrometer); ESI-MS (Bruker MicroTOF 61 spectrometer) and XPS (Kratos Axis Ultra spectrometer). For syntheses which involved anion exchange chemistries, ion chromatography (Dionex ICS-3000, IonPack AS15, 4 Â 250 mm analytical column) showed that residual halide was below the detection limits of the instrument (o10 ppm). Full data, including XPS spectra with peak deconstruction models, for all compounds investigated are provided within the ESI. † with an X-ray incident angle of 301 and a collection angle of 01 (both relative to the surface normal). X-ray source was operated at 10 mA emission current and 12 kV anode potential. All spectra were recorded using an entrance aperture of 300 Â 700 mm with pass energy of 80 eV for survey scans and 20 eV for high resolution scans. The instrument sensitivity was 7.5 Â 10 5 counts s À1 when measuring the Ag 3d 5/2 photoemission peak for a clean Ag sample recorded at pass energy of 20 eV and 450 W emission power. Ag 3d 5/2 full width at half maximum (FWHM) was 0.55 eV for the same instrument settings. Binding energy calibration was made using Au 4f 7/2 (83.96 eV), Ag 3d 5/2 (368.21 eV) and Cu 2p 3/2 (932.62 eV). Charge neutralisation (used for solid samples only) was applied using a standard Kratos charge neutraliser consisting of a filament, coaxial with the electrostatic and magnetic transfer lenses, and a balance plate which creates a potential gradient between the neutraliser and sample. Charge neutralisation was applied at 1.9 A filament current and 3.3 V balance plate voltage. Sample stubs were earthed via the instrument stage using a standard BNC connector. The preparation method for each sample was dependent upon the nature of the material to be analysed. Liquid samples were prepared by placing a small drop (E10 mg) of ionic liquid onto a stainless steel multi-sample bar; solid samples were fixed to the bar using double-sided adhesive tape. All samples were pre-pumped in a preparative chamber to pressures lower than 1 Â 10 À6 mbar before transfer into the main analytical chamber.
Surface contaminants such as oxygen and silicon were removed via argon ion bombardment using a Kratos Minibeam III ion gun using a sputter energy of 4 kV for three minutes. Solid samples that required argon bombardment were prepared by placing a small amount of solid in a stainless steel powder stub, then heating the sample until melted, followed by argon bombardment. 
XPS data analysis
Data was analysed using the CASAXPS software. Relative sensitivity factors (RSF) were taken from the Kratos Library (RSF of F 1s = 1) and used to determine relative atomic percentages from high-resolution scans of the most intense photoelectron peak for each element. Peak areas were measured after performing a two-point linear or Shirley background subtraction. Peaks were fitted using GL(30) lineshapes (70% Gaussian, 30% Lorentzian). For compounds with a long alkyl chain (n Z 8) charge-referencing was achieved by setting the experimentally determined binding energy of the aliphatic carbon component (C aliphatic ) equal to 285.0 eV. 14, 24 For compounds with a short alkyl chain (n o 8) charge-referencing was achieved by setting the measured binding energy of the cationic heteroatom photoemission peak equal to that for its long chain analogue, i.e. 
Results and discussion
Sample purity XP survey and high resolution scans were used to establish elemental composition and purity for each ionic liquid presented in this study. Fig. 1 shows a typical survey scan for [P 6,6,6,14 ][PF 6 ] which displays all expected photoelectron and Auger lines. Previous XPS studies upon ionic liquids have highlighted the presence of hydrocarbon and silicone-based impurities in the near-surface region, which cannot be detected by NMR or other bulk sensitive techniques. 26, 28, 29 4 ] (see ESI †); this is likely to be a result of laboratory grease during sample preparation and is not expected to impact upon the recorded binding energies. 24, 26, 30 Surface contaminants, such as grease, can be routinely removed through argon etching, a full description for this procedure in relation to the compounds studied herein is provided within the experimental section. There was no evidence of this contaminant in any of the other ionic liquids used in this study. Furthermore, there is no evidence of metal-based cations or halides that may be carried over from ionic liquid synthesis, particularly anion exchange chemistries. Experimental stoichiometries, calculated from high resolution spectra, are presented in Table 2 . Experimental values are within the error of the nominal stoichiometry of AE10%.
Interestingly, deviations larger than AE10% are observed for the phosphorus P 2p signal, in which the calculated value is significantly and systematically less than the theoretical value. Previous angle resolved studies upon ionic liquids have shown that long alkyl chains (n Z 2) point out towards the gas phase resulting in a surface enrichment of carbon. 10, 31 The ionic liquids in this study have a large alkyl contribution which may significantly impact the stoichiometry of other elements as it has been seen that the cationic head group is pushed deeper into the bulk with increasing alkyl chain length. 32 It is feasible that differences in the conformations and mobility of the alkyl chains for tetraalkylammonium and phosphonium cations result in a nitrogen cationic core that is situated closer to the surface, but a phosphorus cationic core that is buried further within the bulk. This provides a possible explanation for the lower than expected intensity of the P 2p photoelectron peak. Earlier studies have shown a larger surface enrichment of carbon for ILs with small anions, such as chloride, whereby the anion is situated at the same level as the cation. 33 This could explain the smaller than expected Cl 2p signal.
Binding energies and multi-component fitting models for
The measured binding energies for the ammonium series of ionic liquids investigated are presented in Table 3 . To obtain accurate and reproducible binding energies an appropriate charge-referencing method must be used. It is well established that for ionic liquids with a long alkyl chain (n Z 8), reliable charge-referencing can be achieved by setting the experimentally determined binding energy of the aliphatic carbon component (C aliphatic ) equal to a standard reference value, in the case of this work 285.0 eV. 14, 24 For cations with shorter alkyl chains this procedure is not applicable. Previous studies indicate that length of the alkyl chain has negligible impact upon the binding energy of the cationic head group when the anion is kept the same. 14 Due to the presence of several different carbon environments, peak identification and fitting of the C 1s region for ionic liquids is of particular importance. Fig. 2 ] arise from the different electronic environments of carbon present in the cation, thus it is necessary to develop a model to explain these different contributions. Previously we have developed a series of multi-component models to describe the C 1s spectra of a range of ionic liquid families including dialkyl-imidazolium, alkyl-pyridinium and pyrrolidinium based cations. 14 Here we extend this to include the tetraalkylphosphonium and tetraalkylammonium based cations. As the structure of the ammonium cation is not dissimilar to that of the pyrrolidinium, a three-component model was adopted for the ammonium-based ionic liquids in this study. An analysis of the structure of [N 6,6,6,14 ] + (see structure shown in Fig. 2 ) highlights the three chemical environments of carbon. The carbon directly bound to the nitrogen (C hetero ) is expected to have the highest binding energy as it is in closest proximity to the electropositive nitrogen, and thus feels a larger effect of the electron-withdrawing influence of the cationic nitrogen. The next carbon atom along the chain (C inter ) is designated as an ''intermediate'' carbon environment; here the electron-withdrawing impact of the nitrogen centre is less pronounced, resulting in a slightly lower binding energy. The remaining carbons are essentially aliphatic and give rise to the third contribution, C aliphatic , which exhibits the lowest binding energy.
To obtain a satisfactory fit that accurately describes the chemical environment it is necessary to constrain certain parameters. Component areas are constrained to their nominal stoichiometries, i.e. for [N 6,6,6,14 ][BF 4 ] C aliphatic : C hetero : C inter equates to 6 : 1 : 1. The full width at half maximum (FWHM) for C hetero and C inter are set to be equal (and constrained to be between 0.8 and 1.5 eV). The FWHM for C aliphatic is set to be 1.1 times larger than for C hetero as studies upon other similar ionic liquid systems have characteristically shown the FWHM ratio of C aliphatic : C hetero to be 1.1 : 1. 14, 24 Binding energy constraints were not applied as the binding energy shift between C hetero and C inter is expected to be dependent upon the nature of the anion. 13, 14 The fitting envelopes (red curve), shown in Fig. 2a-c The C 1s region for phosphonium ionic liquids differs quite considerably from that of ammonium ionic liquids. Fig. 3 shows some representative examples of the C 1s region for [P 6,6,6,14 ]X (X = Cl À , [BF 4 ] À , [NTf 2 ] À ). In the case of [P 6,6,6,14 ][NTf 2 ] there are two clearly resolved peaks with the peak at higher binding energy corresponding to the CF 3 group of the anion. A broad peak with slight asymmetry occurs between 284-286 eV for [P 6,6,6,14 ]X (X = Cl À , [BF 4 ] À , [NTf 2 ] À ); which is distinctly lacking the obvious shoulder at higher binding energy seen in the case of the ammonium analogues ( Fig. 2 and 3) . Consequently, this peak was fitted using a two-component model; the first contribution arising from carbons directly bound to the phosphorus atom, C hetero , and the remaining carbons considered as aliphatic, C aliphatic .
A comparison of binding energies ( analogue. This can be attributed to the difference in charge density of the nitrogen and phosphorus cationic centres. The smaller atomic radius of the nitrogen atom, in comparison to phosphorus, results in a higher charge density. Consequently, the C hetero carbons for ammonium-based ionic liquids experience a stronger electronwithdrawing effect from the positively charged nitrogen centre, which is reflected by a shift to higher binding energy. Furthermore, from Table 3 it can be seen that C hetero binding energies for phosphonium-based ionic liquids are more similar in value to the C inter component for the ammonium analogues. This highlights the weaker electron-withdrawing effect of the phosphorus centre, as a result of its lower charge density, and validates the use of a two-component fitting model to describe the C 1s region for phosphonium-based ionic liquids.
Cations with short alkyl chain length i.e. [P 4,4,4,1 ] + were fitted using the same method and charge referenced in a similar way to the short chain ammonium cations as discussed previously.
Effect of anion: cation-anion interactions
It has been previously established that XPS can be used to probe cation-anion interactions. 13, 14, 34 Earlier work has demonstrated that binding energies of C hetero 1s and N cation 1s for imidazolium and pyrrolidinium-based ionic liquids are dependent upon the basicity of the anion. 13, 14 High basicity anions such as halides result in lower binding energies, which indicate that the cation is in a more electron-rich environment. This is indicative of a significant amount of charge-transfer from anion to cation. Low basicity anions such as [NTf 2 ] À give rise to higher binding energies signifying that the cation is more electron-poor due to the reduction in charge-transfer. The influence of the anion on the electronic environment of the cation has been investigated for three [N 6,6,6,14 ] [X] ionic liquids, where X = [NTf 2 ] À , [BF 4 ] À and Cl À (Fig. 4) . It is seen that the binding energy of N cation 1s follows the trend: [NTf 2 ] À 4 [BF 4 ] À 4 Cl À , this can be interpreted as an increase in charge transfer with increasing anion basicity, and is in accordance with earlier studies upon imidazolium 13 and pyrrolidinium 14 ionic liquids. Binding energies for C hetero 1s ( Table 3 and Fig. 2 ) also exhibit an identical trend.
The effect of varying the anion has also been investigated for the analogous phosphonium series, [P 6, 6, 6, 14 ] [X] where X = [NTf 2 ] À , [BF 4 ] À and Cl À (Fig. 5) . The P 2p region shows two unresolved peaks, P 2p 1/2 and P 2p 3/2 , observed in an intensity ratio of 1 : 2. This is a result of spin-orbit coupling and is an inherent property of p-orbitals and does not indicate two different electronic environments of phosphorus. The same trend as for ammonium-based ionic liquids is observed in that binding energies for the P cation 2p 3/2 component are in the order: [NTf 2 ] À 4 [BF 4 ] À 4 Cl À , with C hetero 1s following a similar pattern.
A linear correlation of N cation 1s and C hetero 1s binding energies with the Kamlet-Taft b parameter (a measure of hydrogen bond acceptor ability of the anion) has been established for imidazolium-based ionic liquids. 13 However, to date, b has been less extensively studied for ammonium and phosphonium ionic liquids with only a select few examples in the literature. [35] [36] [37] [38] [39] Consequently, a comparison of b with binding energy cannot be made for the compounds investigated in this study, however it is expected that a similar trend to imidazoliumbased ionic liquids would be observed. 6, 6, 6, 14 ] + versus [P 6,6,6,14 ] + As discussed previously, it is expected that the difference in charge density of the ammonium and phosphonium cationic centres will affect the degree of charge-transfer, which would be reflected in the binding energy of the anionic components. We postulated that a greater degree of charge-transfer would occur for the ammonium cation, as the larger charge density would be more effective in removing excess negative charge from the anion; hence, the binding energies of the anion were expected to indicate a more electron-poor environment in contrast to the phosphonium analogue.
Effect of cation: cation-anion interactions, [N
A comparison of binding energies, however, did not support this assumption. Fig. 6 6, 6, 6, 14 ] + cations. This suggests that the anion cannot ''see'' the difference in charge density of the cation, and it is proposed that the long alkyl chains are wrapped around the cationic centre effectively shielding it from the anion. This is in agreement with measurements on the enthalpy of vaporisation at 298 K, D vap H 298 , for [P 6, 6, 6, 14 ][BF 4 ], which describe how the experimentally determined van der Waals contribution is significantly smaller than the theoretical value, it is suggested that parts of the alkyl chain close to the phosphorus are unavailable for van der Waals bonding with adjacent species due to shielding from the outer parts of the chain. 40 In contrast, molecular dynamics simulations indicate that the alkyl chains are in a fully stretched conformation, with a small degree of bending for longer chains (n 4 6) and no evidence of coiling or wrapping. 41, 42 It should be noted that although the anion is shielded from the difference in charge density of the two different cations, it is not shielded from ''seeing'' a positive charge completely. In this way, the ''wrapping'' of the aliphatic chains has no impact on the actual ability of the anion to transfer charge, and hence we see a shift in B.E. of the cationic core for anions of different In the previous section we determined that for ammonium and phosphonium cations with long alkyl chains, there is no difference in binding energy of the anionic components for a variety of different anions. To test whether the length of the alkyl chain impacts upon cation-anion interactions and the ability of the anion to ''see'' the difference in charge density of the cationic centres, a series of short chain analogues were investigated where the cation size has been reduced to [N 4,4 (Fig. 7 and Table 3 ), this is slightly larger than the accepted experimental error and suggests that the shift is real. As the F 1s binding energy is higher for [N 4,4,4,1 ] + relative to [P 4,4,4,1 ] + this is indicative that the fluorine atoms are more electron-poor for [N 4,4,4,1 ] + , which suggests a greater degree of charge-transfer is occurring for the ammonium-based ionic liquid. This supports our initial hypothesis that charge-transfer should be more significant for ammonium-based ionic liquids due to the larger charge density of the cationic centre relative to their phosphonium analogues. Additionally, it indicates that reducing the length of 43 This could support the assertions made from the work described here, as the high basicity of [TOMP] [MeOCOO] and [TOMP] [HOCOO] may arise from a smaller degree of chargetransfer occurring from anion to cation; consequently the anion is more electron-rich thus the electrons are more available for donation. In contrast, a higher degree of charge-transfer occurs for the ammonium analogues and inorganic bases as a result of the larger charge density of the cationic centre, hence basicity is reduced as electron density is less available for donation.
It is still unclear to us at this time how the charge-transfer phenomenon is mediated. Previous studies upon 1-methyl-3alkylimidazolium systems have shown a correlation between anion basicity and hydrogen-bonding at the C-2 position, and also with N cation 1s and C 1s binding energy. 13 However, upon methylation of the C-2 position (hence decreasing the hydrogen-bonding contribution) an anion-dependent shift of the N cation 1s and C 1s binding energies is still observed at a similar magnitude as the non-methylated analogues. 13 This indicates that charge-transfer cannot solely be mediated through hydrogenbonding, which is especially relevant in the case of tetraalkylammonium and phosphonium ILs where the proton alpha to the heteroatom is even less available due to steric hindrance of the long alkyl chains. This suggests charge-transfer is also dependent upon the strength of the coulombic interaction of the cation and anion.
It should be noted that for (Table 3) , this is within the experimental error so no real conclusion can be made; however, as [NTf 2 ] À is weakly basic it is likely that it participates in charge-transfer to a very small degree, hence little or no difference is observed when comparing the different cationic centres.
Conclusion
The impact of changing the cation core from nitrogen to phosphorus on cation-anion interactions has been investigated using XPS. For long chain systems, i.e. [N 6,6,6,14 ] + versus [P 6,6,6,14 ] + , it appears that changing the cation core has minimal impact on the electronic environment of the anion due to a perceived shielding effect of the long alkyl chains. In an effort to reduce the effect of hydrocarbon based shielding of the heteroatom, a second series of experiments were conducted where the alkyl components are pruned back, hence allowing a more clear investigation of the role of the heteroatom based charge carrier. A decrease in alkyl chain length to [N 4,4,4,1 ] + and [P 4,4,4,1 ] + indicates that changing the cation core from nitrogen to phosphorus does indeed influence the electronic environment of the anion; with an increase in chargetransfer shown for ammonium ILs. Further investigation into binary cationic mixtures by XPS was not attempted as any shift in the measured binding energies, with adjusted mol. fraction, would lie within the experimental error of the XPS instrument. This indicates that tunability of the electronic environment for IL systems is more strongly influenced by the anion than the cation.
Interestingly, Carvalho et al. 23 investigated the influence of the cationic heteroatom for ammonium-and phosphonium-based ILs on physical properties such as densities, viscosities, melting temperatures and refractive indices. A shielding effect was expected but not observed, and it was seen that the properties investigated were markedly affected by the cationic core. Taking this into consideration with the work described herein a dual tunability of IL systems could be proposed, where electronic environments, i.e. chemical properties, are tuned via the anion and physical properties are tuned via the cation. This work provides a step toward being fully able to fine-tune both the chemical and physical properties of an IL system by altering their constituent ions to suit a specific function.
